Rapid urbanization and industrialization in South China has placed great strain on the environment and on human health. In the present study, the total suspended particulate matter (TSP) in the urban and suburban areas of Hong Kong and Guangzhou, the two largest urban centres in 
Introduction
Atmospheric particulate pollution has imposed a great burden on the terrestrial environment on a regional scale and even in a global context (Lelieveld et al., 2002; Venkataraman et al., 2005) .
Particulate matters are solid and liquid particles that are suspended in the air. Epidemiological studies have indicated that elevated concentrations of fine-particulate matters are associated with increased mortality and morbidity, especially in children and elderly people (Dockery and Pope, 1994; Pope et al., 1995; Schwartz et al., 1996) . The rapid economic development that has taken place in China during recent years has led to severe deterioration of the local environment. Owing to China's large territory and population, the country's environmental problems have important implications for the global environment (Liu and Diamond, 2005) . Past studies have demonstrated that aerosol and other pollutants can be transported from the Asian region to other countries (Jaffe et al., 1999) . The Pearl River Delta (PRD) region is situated in the southern part of China, in which mega cities, such as Hong Kong and Guangzhou, and a number of recently established urban centres are located. It is one of the most developed areas in China. The rapid industrialization and urbanization of the PRD have caused elevated amounts of particulate matter and its components to be present in the region (Cao et al., 2004; Cheung et al., 2005; Lee et al., 2006) . The result is the severe degradation of air quality in the South China region.
Heavy metals are non-degradable, and can accumulate in the human body system, causing damage to a person's nervous system and internal organs. They also act as confounding factors of cardiovascular diseases, reproductive impairments and cancer (Nriagu, 1988; Raghunath et al., 1999; Waisberg et al., 2003) . Metals in the ambient air can catalyze the oxidative stress in the body cells, eliciting inflammatory injuries in the airway and lungs (Ghio et al., 1999; Nel, 2005) .
The inhalation of airborne trace metals can therefore have a long-term and serious impact on human health. Previous studies have investigated the characterization of chemical species in particulate matter in urban and rural areas of Hong Kong (Lam et al., 1997; Ho et al., 2003) , the Pearl River Delta (PRD) region (Bergin et al., 2004) and several major cities in Asia (Cohen et al., 2004) . However, these studies mainly focused on the chemical characterization of particulate matter and on identifying the sources of particulate matter and its major components (carbonaceous species, major ions and mineral dust). Only a limited number of studies have been conducted on atmospheric heavy metal pollution in South China. The long-range transport through air of metal contaminants among the various Asian regions has not been well illustrated. Moreover, the long-term heavy metal concentrations of particulate matter in South China have not been well characterized. Although there have been some investigations into the atmospheric Pb isotopic composition of particulate matter in China (Mukai, et al., 1993; Bollhöfer and Rosman, 2001; Zhu et al., 2001) , the information available on the Pb isotopic composition of particulate matter and its long-term variations in South China is still very limited. For these reasons, the present study was conducted, with the main objectives being: 1) to assess the annual average heavy metal concentration of aerosols in urban and suburban coastal areas of the Pearl River Delta (PRD) region in South China; 2) to evaluate the temporal variations of the Pb isotopic composition and the sources of atmospheric Pb in the PRD region using the Pb isotopic composition analysis; 3) to study the effect of the long-range atmospheric transport of heavy metal contaminants in the region using a back trajectory analysis.
Materials and Methods

The study area
The present study was conducted in urban and suburban areas of Hong Kong and Guangzhou, South China (Figure 1 ). Hong Kong is a highly urbanized metropolitan area situated at the southeastern tip of China. With a total area of only 1104 km 2 and a population of about 6.9 million, Hong Kong has one of the highest population densities in the world (6420 per km 2 ). Hong
Kong's service industry has boomed in the past two decades, becoming a major economic contributor to the territory's economy. Key services sub-sectors include the wholesale, retail and import/export trades, and restaurants and hotels (Information Services Department, 2005) . The manufacturing industry underwent a major restructuring during the 1980s and early 1990s, with most land-and labour-intensive processes have been relocated to mainland China and other countries in the region. Guangzhou is a major industrial and economic centre in South China. With a total area of 7434 km 2 and a population over 10 million, it is the largest city in South China.
Major industries in the city include automobile manufacturing, electronic and communication equipment manufacturing and petrochemical industries. Other sectors such as the fine chemical industry and the logistics industry have been expanding rapidly in the past few decades.
Sampling programme
Sampling of total suspended particulates (TSP) was conducted at two urban sites, at the Hong Kong Polytechnic University, Hong Kong (PU) and Sun Yet-sen (Zhongshan) University, 
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. A sampling period of 24 hr was adopted. A total of 93 samples were collected at the four monitoring stations. The filters were then wrapped in aluminium foil and stored in polyethylene bags at 4°C.
The TSP samples (quartz filters) were digested using concentrated acids (Wong et al., 2003) .
One quarter of the filter was cut using stainless steel scissors and placed in acid-cleaned Pyrex test tubes. Subsequently, 14 ml of concentrated high-purity HNO 3 and 3.5 ml of concentrated HClO 4
were added, in which the filters were fully submerged. Procedural blanks and sample replicates were randomly inserted for quality control. The mixtures were then gently shaken using a vortex and then heated progressively to 190 °C in an aluminium heating block for 24 hr, until completely dry. Twelve ml of 5% (v/v) high-purity HNO 3 were added after initial acid digestion. The test tubes were then heated at 70 °C for 1 hr. After cooling, the solutions were decanted into acid-cleaned polyethylene tubes before being analysed.
The elemental concentrations of aerosols were determined using Inductively Coupled Plasma -Atomic Emission Spectrometry (ICP-AES, Perkin Elmer Optima 3300DV). Blanks, quality control standards, and standard reference materials (NIST SRM 1648, urban particulate matter) were inserted during the analytical measurement to detect contamination and drift. The elemental concentrations of the blanks were <1% of the mean analyte concentration for all metals, and the precision (RSD) of the control standards and replicates were generally lower than 5%. The recovery rates for the heavy metals and major elements in the standard reference material (NIST SRM 1648) ranged from 88% to 96%. The recovery rate for Al was around 52% due to the presence of aluminosilicate minerals.
Pb isotopic composition analysis
The Pb isotopic composition analysis was conducted using Inductively Coupled Plasma - 
Statistical analysis
The results were summarized into a multi-elemental database using Excel ® . As the data was not normally distributed (as shown in the large deviations from the normal distribution values in the Q-Q plots), the Kruskal-Wallis test (a non-parametric test) was employed to investigate on the differences in metal concentrations using SPSS 12.0 statistical software.
Back trajectory calculation
To investigate the sources of heavy metals, air mass backward trajectories were calculated using the HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated Trajectory, Version 4.7), a comprehensive modelling system developed by the National Oceanic and Atmospheric Administration (NOAA) Air Resource Laboratory (Draxler and Rolph, 2003) . Because the synoptic atmospheric conditions at two locations in the same city (i.e. the PU and HT sites in Hong Kong, and the ZU and BY sites in Guangzhou) were quite similar, seven-day back trajectories ending at Hong Kong and Guangzhou at 0600 UTC, i.e. 14:00 local time for all sampling dates, were calculated. For the classification of air masses, these trajectories ended at the height of 500 m AGL (above ground level), a level of about half the height of the mean daytime planet boundary layer (PBL), to represent general transport conditions in the PBL. Trajectories ending at different levels, i.e. 100 m, 500 m and 1000 m AGL were also calculated for detailed episode studies.
Results and discussion
Heavy metal concentrations
The annual mean elemental concentrations of Al, Cd, Cr, Cu, Fe, Mg, Mn, Pb, V and Zn of the aerosol samples collected at the four sites (PU, HT, ZU and BY) are summarized in Table 1 .
The average concentrations of most heavy metals in the urban and suburban areas of Guangzhou were higher than those in Hong Kong, indicating significant atmospheric trace metal pollution in Guangzhou. Since BY is located at the suburbs of Guangzhou city, the elevated concentrations of trace elements at the BY site showed that the atmospheric trace metal pollution in Guangzhou was affecting wider areas away from the urban centre. In particular, the mean concentrations of Cd, Pb, V and Zn of aerosols in the urban area of Guangzhou were much higher than those in the urban area of Hong Kong, which were about 4.9-fold, 4.8-fold, 3.1-fold and 4.0-fold higher. The mean trace element concentrations of aerosols (TSP) in the present study were compared with those in the urban areas of other major cities of the world (see Table 2 ). In comparison with Beijing (Okuda et al., 2004) and Taichung (Fang et al., 2003) , Guangzhou had higher mean concentrations of V and Zn, while the mean Pb concentration was higher in Beijing and Taichung. On the other hand, the mean concentrations of heavy metals, including Cr, Cu, Pb, V and Zn, in Guangzhou were higher than those in Hong Kong (the present study), Tokyo (Var et al., 2000) and Ho Chi
Minh City (Hien et al., 2001) .
Temporal variations in heavy metal concentrations
The trace elemental concentrations of aerosols measured at the four monitoring sites ( concentrations of heavy metals in summer, is similar to those of other airborne primary pollutants in this region (Lam et al., 2001; Wang et al., 2003) . Considering the subtropical climate with strong solar radiation but many clouds in these coastal regions, the seasonal change in the height of planet boundary layer might be relative small. Therefore, the long-range transport due to Asian monsoon could be the most dominated effects to the seasonal variations in heavy metals at these sites (see further discussion in Section 3.5).
In Figure 2c Figure 4) .
Temporal variations in Pb isotopic composition of aerosols
Sources of Pb in aerosols
Winter season
During Kong through the winter monsoon air flow. In summary, the Pb isotopic ratios of aerosols were less varied during the winter period (see Figure 4) , showing that regional emissions from China Mainland, particularly the PRD region were the dominant pollution sources in the study region.
The Pb inputs in the air were due to the mixing of anthropogenic Pb from various sources, including local Pb ore, industrial and vehicular emissions, and other sources. Figure 4) .
Summer season
During the spring and summer seasons, the prevailing winds in the PRD region were the oceanic winds from the south. 
Back trajectory analysis
Air masses classification
Metal concentrations in different air masses
The mean concentrations of major and trace elements in the three categories of air masses are shown in Table 5 . In Hong Kong, the CI Category had the highest concentrations of heavy metals, Table 5 ). The results showed that significant amounts of heavy metals were transported from the northern inland areas and the PRD region to the coastal areas of South China. On the contrary, the cleaner marine air mass contained the lowest concentrations of heavy metal during the SS period. It should be noted that despite similar meteorological conditions at Hong Kong and Guangzhou, the heavy metal concentrations in Guangzhou aerosols were much higher than those in Hong Kong, suggesting that local emissions play an important role in heavy metal pollution in Guangzhou, apart from the influence of the long-range transport of pollutants from the northern region. In Guangzhou, the mean concentrations of Cd, Cu, Mn and Pb (P < 0.01) and Cr, Fe and Zn (P < 0.05) were statistically different under different air masses. The highest mean concentrations of Cd, Cr, Cu, Fe, Mn, Pb and Zn were found in CT. The significant enrichment of these metals, particularly Cd, Cu, Mn and Pb, observed in the aerosols of Guangzhou under CT could be partly attributed to the long-range transport of pollutants by the air mass originating from northern China, which passed through the South China coast to Guangzhou. However, as discussed earlier, local emissions in Guangzhou also contributed significantly to the heavy metal pollution in the region, as revealed by the lack of seasonal variations in the heavy metal concentrations and the Pb isotopic composition. Previous studies have suggested that aerosol sources in and around Guangzhou are responsible for a significant fraction of the fine particulate matter in the PRD area (Bergin et al., 2004) . There was no significant difference in the mean concentrations of other metals, such as Al, Mg and V (P > 0.05).
Episodic days of metallic pollutants
As discussed earlier, the heavy metal concentrations in aerosols were less varied in Guangzhou. However, several episodic days were observed at PU and HT (Hong Kong) during the one-year sampling period (see Figure 2a-b) . Most of the episodic days were found during the winter monsoon period, although some occasional occurrences were also observed during summertime. The seven-day backward trajectories during the episodic days ending at three heights , respectively. Figure 7a shows that the high-speed air mass originated from Siberia, and travelled southwards along the China coast. Subsequently, the air masses passed through areas near Guangzhou before reaching Hong Kong via northerly winds.
One trajectory showed that the higher-altitude air mass passed through southern areas of Taiwan 
Conclusions
Elevated concentrations of trace metals were found in the urban and suburban aerosols of 
